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Apparatus for Determination of Pressure-Density-Temper-. 
ature Relations and Specific Heats of Hydrogen to 
350 Atmospheres at Temperatures Above 14 OK* 

Wn--QUJ &,&8 

Robert D. Goodwin I )  n n  . PI 

(June 20, 1961) 

Method and apparatus are designed for more rapid determination of accurate, closely- 
spaced, PVT and specific heat data than realized by previous procedures. A sequence of 
pressure-temperature observations at  nearly constant density is made by a modified Reichs- 
itnstalt method. Temperatures of the essentially adiabatic piezometer are regulated by 
electric heating uiider control of the  measuring thermometer. Instruments for measure- 
ment and control are integrated with a high-preswre calorimeter for compressed liquid and 
fluid. Calorimetric experimentation is accelerated by use of a n  electronic battery for the 
calorimetric heat supply arid of a d-c power regulator developed for automatic shield control. 
Details are given of the PVT cslibrations, adjustment computations, and coniparihons with 
independent data. 

1. Introduction 
The high-density physical properties of 1i;vdrogen 

are needed for technologicttl applications [5 ,  101. 
Thermodj-naniic functions ma?- be computed from 
certain thermal data conibined with a wide range of 
precise mechanical properties (PVT) and vapor- 
pressure data [ I ,  2, 3, 91. The purpose of this paper 
is to describe the essential features of apparatus 
used to obtain PVT data for parahylrogen from 16 to 
100 OK and from 2 to 350 atiii, and to obtain specific 
heats of compressed liquid and fluid in the same 
range. Advent of high-speed digit a1 computers 
renders practical the handling of a large quantity of 
data, produced by  closely-spticed observations with 
accelerated methods to be described. 

2. Experimental PVT Method 
The PVT method and its numerous calibrations 

are emphasized in preference to the better-known 
calorimetric techniques, outlined below. The popu- 
lar Burnett method for PVT determinations [17] is 
not suitable for compressed liquids [9]. That of 
Holborn and coworliers [20, 21, 221, termed the 
Reichsanstalt method [2], involves essentially direct 
measurement of each variable. As employed by 
Michels and coworkers, a sample of fluid of known 
PVT behavior a t  normal temperature is confined in 
the piezometer and pressure gage s p t e m  at  that 
temperature. Pressure of tlie sample then decreases 
rapidly with temperature of the piezometer [25].  
In the Ohio State University modification for gaseous 
states, adjustments for obnoxious volumes of capil- 
lary and gage were eliminated by placing a valve in 
the cryostat. This necessitated an independent de- 

*Contrlbutlon from the Cryogenics Ensineering Lsboratory, National Bureau 
of Standards, Boulder, Cola. 

termination of the amount of sample following every 
P-T determination [24]. For liquid states they ein- 
ployed a boiling hydrogen thermostat. Successive 
s~null portions of the sample were released from the 
piezometer or “pipet” to obtain a series of isother- 
mal P-v determinations from a given filling, each 
P-v point, again requiring an independent volumet- 
ric determination [23]. 

Average tirne per determination is greatly reduced 
in the present method. Temperature of the near1.v 
adiabatic pipet is varied to obtain a series of P-T 
determinations at nearly constant density. Tem- 
peratures are automatically controlled at  exact,, in- 
tegral values, to permit handling the data as 
isotherms, Only one <Ieter~iiination of the amount 
of sample is required following each experimental 
“pseudo-isochore”. The portion of the total sample 
which W Z ~ S  in tlie pipet during each P-T determination 
is calculated b.v subtracting the computed amounts 
residing siniultaneously in capillary and diaphragm 
cell under those conditions. For this small adjust- 
ment, the known and estimated PVT behavior of 
normal hydrogen is employed. 

IVith reference to figure 1, n sample of the experi- 
mental fluid is confined by valve C 4  to the following 
system: the heavy-walled copper pipet, the stainless 
“transition” capillary tube in the cryostat, the capil- 
h q -  tubes and valves a t  room temperature, and the 
pressure-sensitive diaphragm cell (K. P. D.). Vol- 
umes of these elements are calibrated independently. 
The latter transniits pressure of the fluid to the oil of 
a piston-t.vpe, deadweight gage. Yl.ith reference to 
figure 2 ,  liquid hydrogen refrigeran t resides in the 
tank. The pipet is cooled strongly tis required b -  
liquid hydrogen reflux action irom hydrogen gas in- 
tlroduced to the t,hin-walled, stainless steel “reflux” 
tube supporting the pipet. Eor automatic tenipera- 
ture regulation bj- electric heating, under control of 
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FIGGRE 1. Pneumatic apparatus for PT’T deterniinations 
A, Conrirction to thermal conductivity analyzer. 

n-2. 1ro11.o~idr. ort Iio-para c:italsst bomb a t  19.6 OK. 

31, Precision manomctw. 

l’, Oil press. 
n-1, Absorbent bomh at 76 OK. XI’II, Sull pr(’ssurc detector. 

the plntiriuiii resistance iiie:isuring thcriiioiiieter, gas 
pressure in the reflux tube is rcducrd to provide con- 
trolled cooling by gas c.onvection, :tided by  a copper 
rod suspcnded in this tube. 

An experimental run consists of n~eas~rei i ient  of :I 
sequence of pressure versus temperature points, be- 
ginning a t  the lowest teiiiperiiture. The totiil quan- 
tity of confined fluid then is cleterniincd by  releasing 
i t  as gas into volurrictric sgstciii D of figure 1 and 
nieasuring P, V, and T a t  about normal conditions, 
:iccounting also for thr gas reiiiaining in all obnoxious 
volumes and in the pipet itt this pressure. Experi- 
mental tiine required for filling mt l  eniptj-ing the 
pipet is greatly reduced through capability of the 
commercial, null-pressure dinplirrsgni instriinient to 
withstand high-pressure imbalance without daniage. 
About 30 points on a pseudo-isochore :ire deterniincd 
routinely in 8 hr by 2 or 3 men. 

3. Sample Preparation, Handling, and 
Analysis 

By mass-spectral analysis, electrolytic hydrogen 
in clean steel cylinders at 2,000 psig contains less 
than 5 ppni helium and 100 pprn air, respectively. 
The preparation system on the left of figure 1 h i s  
tliree functions. Impurities are absorbed :it 76 OK 
in B-1 on 20 rnl of 1.6 nini di:tm extrusions of “inolcc- 
iilar sieve” silica [71]. The paramodification of h>-- 
drogen is produced citt,alytictLll~ in B-2 at 19.6 OK 
on 10 nil of “30-100 mesh” particles of an iron oxide, 
batch 4843, used in activity studies [ 7 2 ] .  Small disks 
of sintered stainless sterl retain the fine solids in their 
containers. Two  stainless steel bombs, B-3, each of 
about 20 nil capacity, m a y  be immersed in liquid 
nitrogen to provide t i  two-stage, Ihermsl pump for 
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boosting the pitr:lh?-tlrogell prrssurc’. Solidification 
of hydrogen a t  the c:ttitlySt is :tvoitlcd by placing the 
ciittdyst ahead of these pumps in thr  train. The hy- 
drogen cylinders, prcp:ilation systciii, liquid hydro- 
gcn transport Dewar, cryost:tts and v>icuuin puiiips 
:ire separated from the instruinent room by an  cx- 
plosion-proof wdl.  Vnlve riiitnifoltl C’ in the instru- 
tiiont rootii USES i i  bourdon gitge 8s i~ (loser for filling 
thr pipet, to sclcc-ted dcrisitics itrid for controlling re- 
lease of the pipet sample t.0 the gnsotiieter systeim D. 

Systeiiis B :tiid C” of figure 1 :ire ;isseiiiblctl with 
)f6-in. 0. d.  stitinless etccl tubing ttrid high-pressure 
rriitlget vidves with solid stciiis and polptetrafluoro- 
ethylene O-ring pacliiiigs. Sliop-f;il,riciitecl gage coii- 
nectors force it sinall, drilled, nietttl cone itgitinst n 
conicitl rccess on the gage stein. This special fitting 
is necessary to avoid coritaniinittion of the gas. Bour- 
don gages for hydrogen must be phosphor-bronze, 
beryllimii-coppcr, or type 316 stainless steel [75]. 

Analysis for ptiraliydrogcti is performed on gas 
bled froiii valve C-S tit 100 1111 ?3“’/min through a 
thermal conductivity instrurticn t [58]. (hlibration 
depends upon pmihydrogen produced independently. 
In preliiiiinnrj- studies the r2ite of conversion of para- 
to ortholiydrogcn in the pipet :tt pressures up to 4,500 
psi was in the order of one percent per day a t  76 OK 

arid 25 to 30 percent per day tt t  275 to 300 OK. The  
vapor pressure of pariihydrogeri was measured a t  the 
beginning of a number of PVT runs [66]. Following 
one of the routine, 8-111- PVT deteriihntions, the 
presence of p:tnthydrogen agitin wits confirmed by 
t i  vapor pressure measurement. 

4. Cryostat and Piezometer 
DescriDtions and summaries of lorn tem~era ture  

tec ilable [ll ,  12, 13, 14, 38, ‘461. 



T A M  
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R E F L U X  TUBE 
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D E W A R  JACKET 

FIGURE 2. Piezometer region of PI'T cryostat. 
(Shield 1s miss~elled in the above figure.) 

Figure 2 shows a cross section of the lower portion 
of the cryostat. A 25-ml pipet sample cavity, 
5/8-in. diam, is bored into a two-in. diam, solid 
copper cylinder 8.5-in. long. To avoid oxidation, 
the plug is brazed with helium in the cavity. Metal 
stress is about one half the internal pressure. Helical 
grooves on the cylinder carry a 32-gage, 500 
constantan wire heater. The platirium thermometer 
is tinned and cast into the pipet with Rose's alloy. 
Above the pipet on the supporting, thin-walled, 
stainless steel tube, a guard ring thermally tempers 
electric wires leading to and uourid on tlie pipet; 
the ring is automatically controlled at  pipet tem- 
perature by a gold-cobalt versus copper thermo- 
couple [40, 441 and a :%-gage, 100 constantan 
wire heater. A cold ring, integral with the refrig- 
erant tank, tempers electric wires entering from 
room tempera.ture. Before i t  was mounted and 
wound in the crj-ostat, tlie bundle of 36-gage, 
low-level wires was constructed as a unit with all 
wires lightly varnished together parallel in a plane - to insure good thermal contact on the rings. The 
levels of cooling through the reflux tube wliicli do . not disturb tlie temperature-versus-pressure rela- 
tionships are determined experimentally. About 10 
milliwatts cooling normally is used. 

.4n evacuable copper can, soldered to the tank 
with Rose's alloy, encloses the pipet. A Dewar 
t-acuum jacket immersed in an open Dewar of 
liquid nitrogen protects the can and the tank. 
A permanent liquid hydrogen transfer line with 
built-in valves enters the cryostat refrigerant tank 
through an O-ring seal, with the amount of refrig- 
erant in the tank shown by an electronic level- 
indicator instrument. Suitable valves and safety 
devices on the vent from the tank permit the use 
of a rotary oil pump to attain the triple-point 
temperature of ttie refrigerant. 

5. Measurement of Sample Volume 

5.1. Normal Pipet Volume 

This volume is required for computation of 
density. By ignoring the adjustments contained 
in eqs (10.1-1) and (10.3-1) there is obtained the 
rough approximation for sample density, 

u z=? (Pm/RTb) (v~/vo), (5.1-1) 

where p,, Tb and v, refer to the gasometry system 
and V, is pipet volume. Whereas the ratio V,/V, 
dominates the computation of eq (10.3-1), it is a 
practical convenience to perform absolute cali- 
brations. 

The pressure and temperature-dependent volume 
of the pipet is required. Connection to the pipet 
cavity is made with a 3-in. length of 0.35 mm 
stainless capillarv brazed to the pipet drill hole, 
figure 2. The pipet was briefly tested to 8,000 psi. 
A midget valve was attached to the capillary, 
the pipet evacuated, and freshly boiled water 
admitted to the pipet. The three determinations 
yielded an adjusted volume of 25.83f0.016 cm3 
at  25 O C .  Volume at room temperature after 
mounting in tlie cryostat was determined by  ex- 
panding hydrogen from the pipet at about 1,000 
psi into the gasometer system of section 6 .  Seven 
determinations 37ieldd adjusted volume 25.854 
i-0.037 cm3 at  25 "C. Following two series of high- 
density experiments for PVT data to 5,400 psi, 
I o m 4  ensi t J- experiment a1 results viol at ed ge ner a1 , 
low-density, limiting gas behavior. Six redetermi- 
nations of pipet volume bj- gas expansion yielded 
normal volume 25.91310.009 cm" relative to the 
qisometrr volumes, in agreement with deductions 
from low-density behavior. The first series of 
PVT experiments is rejected, and the increase of 
molal volume by factor 1.00263 is applied to all 
ither data. The annealed pipet is thus assumed to 
lave deformed in use. With this correction, the 
.stimate of error in normal pipet ~ o l u m e  is 0.5 
3arts per thousand. 

5.2. Elastic Stretching of Pipet 

Circumferential and longitudinal stresses in a 
dosed-end cylinder are, respectively, 

&=kP/(R- 1) and Sl=P/ ( IP-  l ) ,  (5.2-1) 

vhere P is excess internal pressure, R is the ratio 
)f external to internal diameters, and k incorporates 
)oth end-effects and relative behavior of thick 
ralls. With modulus of e1asticit.v E, relative 
liameters, lengths, and volumes are, respectively, 

D/D,=l+kP/E(R-l)  (5.2-2) 

L / L , = l + P / E ( P - I )  (5.2-3) 

V/V,-- l = ( P / E ) [ ( P -  I)-'+Zk(R-- I)-']. (5 .24 )  
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The tetiiperature-dcpeiideiice of E from [73]  in ' 
T OK is 

E=1.15 . 106[1-4.35. 10-4T], titin, (5.2-5) 

and the bcliavior of k by cotiipiirisoti with [70, 74, 791 
is 

k=U(Zr-l)[(Zrz+l)/(n2- l ) + m ] = l . l l  (5.2-6) 

by introducing R=3.2,  a=1/3 for cirtl-c4fect and 
m=0.3 for Poisson's ratio. Witliiti thc at~cur:tcj- of 
above estimates, therefore, 

X-V/V,=I$l. 10-'[[1$4.35. 10-4T]*P,+, (5.2-7) 

5.3. Thermal Contraction of Pipet 

'I'licmiial cxpnnsivit3- of copper [78] in tlic forni 
U =  (L0--L)/L,, as 21 function of te~iiperitture is used 
to compute a table of V/Vo versus temperature. 
For use with computing inncliiiies, this is fitted by i i  

qu:iclriitic polynoiiiial on the  Kelvin tcriipcriiturc. 
S ( d P ,  

TT/V,, = a + b T+ c T2,  

TT,=25.913 ctii3; ~=0 .990069 ;  b=l.(iA7. IO-f i ;  

c =  1.317 . 10-7. (5.3-1) 

wid theriiid cspiirision of the borosilicate gltiss 1761. 
Voluiiies :it 300 Oh: are given bv tlie second colunin 

6. Measurement of Amount of Sample 

6.1. The Gasometer 

T h e  fluid contiiirid in the pipet, thc ciipillnry, and  
the tliapliragiii cell is releimxl into tlw gasonictcr 
sj-stein D (fig. 1) .  This is :i set of splierictil glass 
standard volumes in it precision w-ttter-biLth tlieiwio- 
stat, and n vnlvc 1ii;iriifoltl with precision nicrcury 
n1:iiioiiIeter [48] in a circuliitiiig-air ciibinet. Elc- 
vation of ettch imii of t h e  lcveleil iiiariotiieter is read 
to & 0.05 niii i  by ii higlilj- reprotluciblr 1iglitbe:uii 
and pliotocell i t~t*ai ig~~iie~i t .  A stiintlwrd volume is 
selected such that the pressure is in tlie upper range 
of the rii:inonieter; i.e., 500 niiii or greater. The 
instrunient room temperature is controlled to tibout 
f0 .5  "C. To coniproinise between low obnoxious 
volunies itnd atlequilte pumping speeds, the mani- 
folds :ire ;&in. copper tubing of 0.19-in. dim1 bore. 
For lenk-free behavior, bellows-sealed valve seitts 
and gasliets iire R pliisticizetl vinyl c~liloritle po1yinc.r. 
Bellows volunie iticreiise per single turn is 0.15 ciii3. 
This adds to standard volunies of 10 liters or niore 
used for most deterniinations. Ionization gages 
serve for vacuum leiili testing. 

6.2. Gasometer Calibration 

Voluiiies of the I- atlit1 2-liter spherical glass flasks 
are deterniinetl by weighing thcni with water on a 
3-kg analytical balnncc against class (2 weights. 
Tlic 6-liter flask is weighed on :L 20-lig single-beam 
platform balance against citlibrrit etl weight slugs. 
Adjustnient is macle for air buoyitncy, water density, 

'L 

After deter~iiinatioii O F  a11 ii):itiifold volulilcs in- 
rliitliiig the n~tinoiiiet~r,  the 2 4 t e r  flask is cidibriitetl 
by gas espiiiisiori relative to the I-liter flask; each 
successive flask then is cnlibriitccl rcliitive to the  suiil 
of d l  stilaller flasks. With all iidjustn)cnts the 
wsults sliowii in tlic third colutiiii are obtiiiiicd. 
Absolute voluiiie standiirtl is sclecstetl as the. suii of 
roluiiics of tlic 1- i n i t l  %liter flaslts by water  weigh- 
trig, and the  ratio of thcse two voluiiics 1))- gas 
rspansioii is selcctctl for :issigiiiiig the viilucs shown 
111 the last coluiiin . Prcssurr-tlcpciidtiice of the 
Biislr voluiiies was coniputetl fro111 pliysiciil tlinien- 
jioiis : t i id  iiiiiss of the iiitlivit1u:il fliislis and the ~iiodu- 
lus of eliisticit? (761. The tiwrly iiiiiform rcsults 
\wrc confiniicd espc+iiicii tiilly upon :i fltisk filled 
witli water estcvitlitig into i i  capil1:u.y iiecli, 

(l/T')(dV/dE')= 1 .  l W 4  atiii-'. (6.2-1) 

6.3. Adjustment for Capillary and Cell 

7'lie iiiiiount of saniple in the pipet is t l ~  total 
:iuiount behind vnlvcl 4 of figiirc 1, deteriiiiiietl by 
gtisoiiictry, less aniourits in ciipillaries a r i d  in tlie 
tliiiplirngtii cell uiidcr conditions of iiieasuretiieiit 
for ciicli P-T point. The rapid esperiineiitul niethod 
is justified provided these latter nniounts ciin be 
estiiiiated with sufficient accur:icy. This is attained 
with a diaphragm cell volunie which is sindl re16 t' ive 
to the pipet, u i t l  by utilizing known and estimated 
gas-imperfection behavior of nornid hydrogen. 

A volume of 0.655 ciii3 for t~apillnry tubing and 
diaphragm-cell esterior to the top of the cryostat 
and up to the pipet valve C 4  is obttiined by weighing 
iiicmury out of the tubing and by finding differences 
with suitable gas-expansion niethods. The quantity 
of h3drogen in these obnosious volunies is coniputed 
from their teiiiperi~tures, the pressure, and the 
coinpressibility factor for iioriiial hydrogen [65]. 

The volutne of the 71 -clii-1oiig, transition capillary 
from tlie top of the crFostat to the guard ring is 
V,=0.0672 c11i3, or 0.26 percent of pipet volunie. 
The  aiiiount of fluid in the ctipillnry is coniputetl by 
ciilculatirig the temperature T,, corresponding to any 
position a t  a fraction I of capillary length from the 
ring a t  pipet temperature To to the top of the 
cryostat a t  rootii temperature T,, froin thcrnial 
conductivity K of stainless steel [77]  by the relation, 

' 
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(6.3-1) 

The nuniber of grain moles of fluid in the capillnry is 

ATc = (PI Tc/R T o) e (6.3-2) 

0 = T o 1  ds/TJz. (6.3-3) 

where 

Indices o refer to the ring or pipet, x to relative 
position along the capillary, and %=Pr/KT where 
v=niolal volunie. By knowi [23 ,  64, 68, 691 and 
extrapolated [3] data for Z,  the capillary factor e for 
hydrogen is determined at  a sufficient nuniber of 
scnsitive points for smoothing, taking note of licjuid- 
vapor discontinuities; results are suniiiiarized by 
figure 3. Tlic ratio of amount of fluid in the tran- 
sition capillary to  ainount in the pipet is necessary 
for :in estimate of required accuracy. This ratio is 
(T7c/17,3) . 4, where +=&e is sunimarized by figure 4. 
Due to the sniall value of l7JIT0, a ten percent error 
in 4 would correspond to a relative error well under 
0.03 percent in density of the pipet sample at 
temperatures 5 100 OK. 

7 I 
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FIGCRE 3. C a p i l l a r y  fac tor ,  8 

10 30 50 10 90 110 I30 150 
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FIGURE 4. C a p i l l a r y  relative content,  +. 

7. Measurement of Pressure 

7.1. Piston Gage and Diaphragm Cell 
The coinnicrcial, dud-range, precision, ( l e d  -weight 

gage and null-detector operate in t lie oil-filled 
F-inanifold, figure 1 [52 ,  53 ,  57, 591. The diaphragm, 
with adjustable electric contacts to indicate null 
position, is centered by use of an open-tube nianorn- 
eter. The oil pressure is iidjusted to tlie experi- 
inental gas pressure with the screw-type oil press P. 
Prior to placing weights on the piston gage, the 
approsiniate pressure is read from bourtlon gages. 

Piston diameters of about 0.182 and 0.407 in. are 
measured with a light-wave inicronieter to & 5 
millionths of ti11 inch. Tolerance on the weights, 
deterniined b -  coniparison with class S standards 
[54], decreases from 0.05 percent on the 1 psi weight 
to 0.002 percent on the 1000 psi weights. Adjust- 
nimts to gage readings are iiirtde for teniperature, 
pressure, ;icwleration of gravity, and barometric 
pressure. Observed sensitivity of pressure nieasure- 
ment with tlie sinall piston varies from under 
30.05 psi below 500 psi to under k 0 . 5  psi a t  5000 
psi. 

As compared with known diapliragmdetectors 
[49, 611, the coniniercial instrunient used here 
withstancls extreme pressure imbalance without 
damage, but exhibits temporary hysteresis effects 
up to about 10 .05  psi. A nleasured shift of null- 
point with absolute pressure is applie 1 by the 
relation 

P g a s = P b s r o m  + ( 1.00002)Po, I. (7.1-1) 

Table 2 siin~niarizes estimates of accuniulated errors 
at  different pressures. 

'r ~ B L E  2. Estiinifes of acruit17ilated pressure 
errors 

Therinal equilibriuiri of the fluid sample, following 
a step-increase of temperature, is found by pfessure 
observations to be established nearly as rapidly as 
the heating rate of the massive pipet. Occasional 
pressure balances are taken a ~ i  hour tipart to confirm 
this inference froni the steady behavior of single 
observations. 

7.2. Adjustment for Capillary Column 
The column of cold fluid standing in the transition 

capillaq- tube produces an additional pressure I', at 
the pipet, 

PJP JlML,O/ R To 
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using syinbols of section 6.3, pressure conversion 
factor J, molecular weight AI, and cttpilliiry length 
L,=71 cni. Since JML,/Zi=l.SS . OK for hy- 
drogen, the ndjustinen t for capillary coluriin pressure 
is negligible. 

8. Measurement of Temperature 

8.1. Method and Instruments 

The potentiometric method of figure 5 is eriiployed 
with tt 25-ohin platinum resistance thennometer Cali- 
brated by tlic NBS Temperature Physics section and 
a six-did microvolt potentiometer [41, 42, 461. The 
low-impedance, unsaturated standard cells ttre pro- 
tected from occasiond extreme temperatures of the 
laborittory by two concentric boxes of 1/2-in. alunii- 
nimi in i t  plywood case [43]. The upper potentiorn- 
eter current supply is stabilized by placing ii lead-acid 
battery twross iin isolated, rectified, and filtered a-c 
source [60]. A 25-v, 200 tmp-lir, thernially insulated 
and shielded battery, of it siniil:~., low internal- 
discharging type, supplics ttic st able therniolnetcr 
currents wliich flow in the calibratcd precision stand- 
w d  resistors. The microvolt switc-h is wired so tha t  
t h t  therinonictcr potentid connections to thc potcn- 
tioiiicter c:m be reversed when the t tierinonieter 
current is reversed. Microvolt gttlvanoriieter iimpli- 
fiers with floating input circuits are coupled to 50-pa 
panel giilvanometers in suitable daiiiping and range- 
cliimging circuits. To niininiizc spurious effects in 
the therriioineter ttnd thermocouple potential circuits, 
the continuous copper wires from the pipet in the 
cryostat are joined by a special solder [45] to un- 
tinned, copper cable wires neitr the cr>-ostitt on copper 
lugs in itn iron-shielded, lieavy :~luiiiinuni box. Tlic 
cryostat wires snd shielded cables run in iron con- 
duits. The cryostat and :dl electrical instruinents 
are interconnected and grounded to ttic cwth  with 
heavy copper conductors. i ,  inii 

5 
5 
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1 
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8.2: Procedure and Calibration 

_____ 
R, n 

-____ 

n.049 
,115 

1.07 
4.65 
7.25 

When the instruinen t room air conditioner is 
started, spurious potentids up to hO.1 microvolt 
arise in the galvanoineter circuit. These potentials 

-___ 
1.35 
0.58 

. I 3  

.OB 

.El 

are observed by use of :tn internally-shorted emf 
position on the potentiometer and iire bucked out  
at  the galvanometer amplifier. When the cryostat 
is cooled with liquid hydrogen, a 0.35-pv spurious 
potential, which is nearly independent of pipet tem- 
peratures up to 40 OK and increases with higher 
temperatures, appears imoss the thermometer po- 
tential 1e:lds in the absence of thermometer current. 
Poten tin1 nieasurernents with reversed tliermoineter 
currents show the effect to be independent of current. 

Thermometer currents nre adjusted to exact in- 
tegral milliampere values. To B corresponding, 
tabulated, thcrnmometer potential is itdded the spuri- 
ous thermometer potential to obtain a potentiometer , 
dial setting yielding an trutoniatically-controlled, ' 
in tegral-valued temperature. A thermometer current 
of 5 ma is used at temperatures below 35 OK; 2 ma, 
from 35 to 75 OK; and 1 ma, a t  75O and above. 
Thermometer heating by the 5 ma current produces 
an error of 0.0007 OK a t  40 OK. All meitsurenients 
occur in the low range of the potentiometer. 

The specified error limit of the potcntiometcr low 
range is 0.01 percent of reading plus 0.02-pv. The 
calibrittcd value of the 1-olim stitntltird resistor is 
0.99999 I-t 0.0000 1 ohliis. Apparently silt isfactory 
agrecmen t was found between the platinuni ther- 
nioiiieter cttlibrtLtion tables and Irie:isurenieilts with 
above procetlures for the ice-poin t and for vapor 
pressures of high-purity nitrogen and of parshydro- 
gen, 11s described in section 11. 

The :~ccur>~cy of temperature measurenients is 
suiiininrized by table 3. It is based on the ther- 
mometer characteristic and currents, the potentiom- 
eter specifications, and a latitude of 0.05 pv for 
bucking out spurious poten t ids.  Theriliometer 
cdibration uncerttiinties :ire not included. 

TABLE 3. Est? mutes of accumulated tenipernfltre errors ___ ~ _ _ _ _  ~ _ _ _ _ _  
Tlicrrrionieter 1 Potenti- 1 Errors. 6T OK . 1113 I 

~ 

l i 0  
74 
19 
13 
15 

T, O K  

___ 
15 
2n 
40 

ion 
76 

0.0074 
,017 
,075 . 109 
,109 

7 

0.045 1.22 
.076 0.89 
,234 .e2 
,485 .89 
,745 1.37 

___ ornetcr I ' 

dR/dT I ~ Potenti- 
onie te r 

4 POWER k 

HEATER I I T - 7  - r ' r L '  I I I  I I 
1 H E R f r ) M ~ T N D R D .  

SUPPLIES CONTROLS 

GUARD 
GUARD RING 

P O W E R  M E T E R  
RANGES 

M E T E R  

P I P E T  RANGE 
DAM PING, REGULATOR 

1 -  I I  I 
FIGURE 5. Temperalure measurement and control methods. 
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T' - - h - x  01 of lines. easonieter to C-ralves. including 9. Regulation of Temperature 

Precisely controlled electric heating conipensittes 
for crudely adjusted, spontaneous cooling (section 4). 
The pipet temperature can be controlled [29] from 
a ther~iiocouple, relative to the teinperature of +e 
refrigerant tank (upper left of figure 6),  by a wide 
range riiicrovolt bucking circuit, 11 microvolt ani - 
plifier [56] and a d-c power-regulator [50]. For :ill 
PVT ~iieasurenieiits the pipet temperature is con- 
trolled from the platinum resistance thermometer 
and potentiometer. There is no perceptible noise at 
0.0002 OK sensitivity. The accuracy of controlled 
temperature is equivalent to the described accuracy 
of measurement. To maintain a stetidy temperature 
during other operations with the potentiometer, the 
power regulator input signal switch is opened and 
the steady-state heating carefully adjusted by the 
power regulator control before undertaking such op- 
erations. If required, the above thermocouple con- 
trol can he used. The guard ring temperature is 
coil trolled with similar instruments. 

10. Computation of PVT Observations 

10.1. Gasometry 

The number, N ,  of gram moles of hydrogen con- 
tained behind pipet valve C 4  is calculated by the 
relation, 

RNlPm=[(EC'g+ T;,)/Tw+Va/Ta 
+T7b/TbI/Zm,mS Vo/ToZmz, (10.1-1) 

where P,  is mercury manometer pressure in atmos- 
pheres, 

R=82.057 cm3 atm/g mol deg K, 

P,=KqDL,, (1 0.1-2) 

K=0.986923.10-6 atm cni*/dyne [4], 

y=979.615 d-ne/grani in this laboratory room, 

D=13.5948-0.00245 . t,, q/c1ii3 141, (1 0.1-3) 

t,=nianonieter mercury temperature, "C, 

L,=manonieter mercury height, cni (brass scale), 

E= glass volunie/pressure coefficient 
=1+10-'(Pm-0.825), (10.14) 

Ta=a i r -bd i  manifold temp, OK, 

T ,=SPD temp, OK, 

T,=pipet temp, OK, 

Tw=water-bath temp, OK, 

Va= vol of air-bathed manifold and manometer, 
59.66 cm3, 

" gage, 22.37 >;l3, 

T'- ,-vo1 of glass bulbs used, cm3, 

I',=vol of water-bath manifold, 13.00 cni3, 

1',=vol of pipet, c11i3, 

V,/T,= 25.9 13 [0.990069/ To+ 1.667.1 0-6 
+1.317.10-' - To], (10. 

Zw,, (at T, and P,)= 1.000044+0.000555P~, 

Z0. ,  (at To and P,)=1.0007 

(10. 

-5) 

-6) 

-1055 /c  for T 0 2 4 0  OK. (10.1-7) 

10.2. Pressure 

The pipet fluid pressure P in international atmos- 
pheres is 

wli ere 

P,=deatlweight oil gage pressure in psig, 
Po= barometric pressure in atm, 
~ , = k ( ~ / ~ , ) [ i - - 2 . 4  . 10-5(tg-20 O C ) ]  [I+ 

4.2. 10-sPg].[21'oininal wt psi]. (10.2-2) 

k=1.00002, eq (i'.l-l), 

t,=deadw-eight gage teniperature, O C ,  

LO= barometer height, cni, 
t,=baroineter temp, "C. 

( g i g s )  = 979.615/980.665, 

Pb=KqD . Lb 21s in eq (10.1-2), ( 10.2-3 ) 

10.3. Density 

Density, u, g moles cm3, is calculated by 

uVr0= N -  (Pi R)  [ T',O/ To + T'& TJ ( 10.3-1 ) 

where 

Td= temperature SPD, OK, 
T,=pipet temperature, OK, 

V,=25.913 X[0.990069+1.667 - 10+T,+ 
1.317 . lO-'T,2], (10.3-2) 

T.', = 0.0672 c1n3, 
lid, volume of NPD and warm capillary=0.655 ~ 1 1 1 ~ ~  

Zdl for gas at P and rooni temperature in V, is 

X, eq (5.2-T), 
8,  eq (6.3-3) and figure 3. 

Zd=0.99990 + 0.000623447 P, (10.3-3) 
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11.  Checks on PVT Calibrations 

30.443 
30. 460 
30. 476 
30. son 
30.5i4 
30. fa7 

30. ,538 

11 . l .  Thermometry Fixed Points 

n. 4090 

1. n w  

,5612 
,6933 
,9134 

1.2578 
1.3892 

Vapor pressures of a coiiiniercial, high-purity 
nitrogen and of parahydrogen were measured prior 
to the P V T  experiments. Examination of experi- 
iiiental technique later revealed failure to compensate 
some of the spurious potentials. Determination of 
these potentids provided adjustriicnts, estimated 
accurate within 0.005 "C, which have been applied 
in  preparing table 4. 

TABLE 4. I'herrnonietry $xed 
poznt observations* 

~- 

p, mm a /  Toba I TItt 1 AT 

62s. n5 
ms 42 
WZR. 03 
031.75 
G31.68 

Vapor pressure of nitrogcn b 

75.732 75.730 -o. 002 
15.741 75.735 -n.nnfi 
,s .  744 75.743 +o. on1 
75. H25 75.816 +o. 009 
i 5 .  8% 75. 815 +o. 011 

I I I 

*All temperatures in deg I< on NIlS 

a Alcwury column height reduced to 0 

b (+. T. Armstrong, 1954. 
C lIope and Arnold, 1951 

1955 scxlc. 

'C at standard gravity. 

11.2. Elevated Vapor Pressures 

Initial PVT points of several runs were talien a t  
saturation coiitlitioiis to check instruineritr~tioii. If 
the substance is nearly pure paraliylrogen, the 
observed pressurr-ternperatlire reliit ions should agree 
with those of Hogr and Arnolcl. Table 5 presents 

TABLE 5. E h a t e t l  vapor 

P 0 b s ,  atm 

30 31 1 -  ..... .... ~ 

9.499 I 9.502 
I I 

res swes  ohservntions 

Data from Iloge 
and Arnold a 

P, atm 

1. 614 
2. O i l  
2.614 
3.249 

~~~- - 

3. 985 

4.832 
5. i 9 5  
6 En9 
8.121 
9. x m  

11.04i 
11. 04; 
11.047 

dl'klT 

0.41; 
,498 . s8i 
,635 . iyn 

,904 
1.026 
I. lli2 
1.304 
1.459 

I .  r ~ 3  
1. M3 
1. 643 , - 

lhita of Uogr tind Arnold interpolated to NIL5 1955 tempcraturc scale. 

observed vapor pressures of parahydrogel1 froni the 
series I1 coinpressed liquid runs arid from the series 
I11 1ow-drnsit~- runs in the vapor tint1 gwscous region. 

Data of Hoge aiit~ Arnold are interpolated to the 
NBS 1955 teniperature sc*alc of the present work. 
Temperature deviittioiis corresponding to pressure 
deviations in series I t  range froni 0.0098 deg a t  
28 OK to 0.0030 deg tit 32 OK. Tlie series I11 range 
is froin 0.005 deg at 22 OK to 0.00:3 deg a t  32  OK. 

11.3. PVT Data for Normal Hydrogen 

Tlie first PVT run was niade with normal hydrogen 
for comparison with known datit, table 6. The 

TABLE 6. PVT observations on nornaal hydrogen 

\ 
T, OK 1 l', lttm ~ v, cmslmol 1 Z,.,, I 1.0026 Zex,, 1 Z I , ~  

- ~ ~~ ~- 

28 
30 
32 
36 
40 
45 
50 

30. 809 
45. 357 
59. 738 
R8.443 

116.969 
151.884 
186.213 

0.4101 
.5fi27 
. fi952 
. Ylfi 

1. 0911 
1.2609 
1. 3928 

0.4093' 
,56168 
.69458 
. Y14*b 

1.0902b 
1.25Y*b 
1. 3928b 

a Friedman and Ililsenrsth, private communication. 
b Johnston ;md \\hit(,, Trans. ASAlE 72, i X 5  ( I ~ l . 5 0 ~ .  
* Sonlinear interpolation. 

known dutti have been interpolated linearly except 
where iiitlicittcd. Present results for Z in column 4 
are niultiplied hy 1.0026 in column 5 as aii adjust- 
nierit for tlie pipet deforiiii~tion which occurred at  
an urikriown time during the experiments. Devia- 
tions of tlie former results are within 0.07 to 2.6 
parts per thousarid; of tlie latter within 0.00 to 2 . 2  
parts per thous:ind. 

1 1.4. Vinal Coefficients 

Corresponding to tJic virial equation, 
Z~~PLlil:T=l+BIi~+(j'ciL+ . . . , (11.4-1) 

t l w  data function, 

exhibits satisfactor>- linear dependence 011 tlcnsity 
iLt each teniperitture when the recalibrated pipet 
volume, 1',=25.913 cni3 is used for computation of 
experiment til densities below critical. Unsniootlied 
vducs of II'TH and Ti'TP, deterrniried by least squares, 
are given bj- table 7. These new data arc equivalent 
to an equation of state for parahydrogen a t  densities 
up to 9 g inolfliter. For comptrrison are given 
values for nornial hydrogen calculated froni the 
snioothed table 19 of H. W. Woolley et al. [69], and 
values for RTB only, smoothed by us from the 
"sniootlied" table ('1V of A. S. Friedman [19]. 
Negative third viritil cocfficierits in tlie latter table 
below 50 OK suggest that correspontling second virial 
coefficients are too sinall in absolute value. Our 
closely-spaced datti suggest i i  so-citllctl limibda- 
point niaxitiiuni in tlie third viri:tl coefficient :it the 
critical tempeniture. The criteria of its vdi(1it.v 
have not been investigiited. ('oncerning comparison 
of results, it recently Iias been shown that second 
virial coefficients for pariili)drogen mity be irbout 1 
percent snidler in absolute vulue than for normal 
hydrogen at liquid liytlrogcti teiiiperatures, in 

~IRT(Z-ll)r.=/:TI~+TI'T(7/v$- . . . , (11.4-2) 

. 
, 
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agreenient with these results [63]. Quantitatire 
stud?- of the +density behaviol. before and nfter 
correction of tlie pipet rolunie suggests accur;icy of 
rolunietric calibrations within one part per thousand. 

TABLE 7. T-zrial coefirztirzents. parahydrogen 
Viiits of cm3, E mol, arm, de: K 

T, O K  

24 
2.5 
26 
2 i  
2x 

29 
30 
31 
32 
33 

34 
3.5 
36 
37 
38 

39 
40 
42 
44 
46 

48 
50 
55 
Go 
65 

70 

80 
85 
90 

95 
loo 

"- 
(3 

, 

- -KTH-IO-~ 

2.229. 
2. 1&5* 
2.139% 
2.098 
2. 059 

2.023 
1.98i 
1.952 
1.9 l i  
1. Kw 

1.848 
1.614 
1. i80 
1. 747 
1. i l l  

1. 603 
1.651 
1.591 
I .  533 
1.4i8 

1.423 
1.369 
1.239 
1.116 
0. w2 

. Xi3 
,762 
. Fdi 
. ,531 
. + I 7  

.310 

.205 

I - - -  . . . . . . . . 

3.053' . . -~~  .... 
3.432. ~~ ....... 
3.2i31 ~ ...... ~- 
3.519 ........ ~ 

3.998 ~.-.- ..... 
3.966 I 3.962 
3.934 3.914 
3.920 .~ ....... 
3.922 3.846 

4.074 1 ..... ~~~. 
4.143 i .... ~ ...- 

4.232 .. .... .. - 
4.414 .......-- 
4.514 ! .... ~ .... 

4.688 

4.649 ~ ........- 

4 . 5 s  ~ ..-. ~.~.. 

I - - - - - - - - -  
5.007 I ...... ~.. 

IT W \\oolley et a1 , J Re\e3rrh YRS 41. 379 (1948) RP1932, normdl 1x1 
1, A S Friedman. Ohio State (liswrtation (1950), normdl 112 
* I h e d  on on13 two data point? 
: R a v d  on on11 three (1at.i points 

12. Comments on Overall PVT Accuracy 

Requests for t i  statement of overall accuracy of 
data in the form %=I-'c/RT are coninionplace. 
This accuracy depends not only on calibrations, but 
also on all the ndjustiiient computations arid the 
particular conditions defining the state of the fluid. 
The relative error in Z is the sum of relative errors in 
experiment a1 variables, 

Estimation of pressure errors is indicated by section 
7.1. and table 2. The voiiiplexity of error estiniatcs 
for niolal volunie, r ,  is appreciated by reference to 
eq (10.3-1). In view of sections 5 m d  6, table 1, 
and the unpublished details of calibration and ad- 
justment, of obnoxious volumes, we venture the 
experiinentalist ' s  opinion that error in u generally- is 
under two parts per thousand. Temperature errors, 
in view of tables 3 ,  4, and 5, ;we within 0.02 OC 
except near 14 OK, comparable to uncertairitJ- in 
the low telnperature scale [3S]. Value of the gas 

. 
constant used for presont computations is 1Z=S2.057 
c1n3 atni/g mol deg. It  mt.r be noted that at high 
densities, i i i i , r  isotlierms of pressure as a function of 
c1ensit.r >ire highly sensitive to errors in density, due 
to the relatively inconipressible state of the fluid, 
a situation giving spurious indiciitions of low prc- 
rision in the nieasurernent of pressure. 

13. Calorimetric Apparatus 
13.1. Introduction 

Measurements of the volume, mass, and teni- 
perature of a fluid sample are necessary to define the 
state corresponding to each specific heat deterinina- 
tion. For high pressures the PVT pipet must be 
massive so that its volume will be calculable. The 
PVT data are obtained first because they are used 
for calibration of the volume of the thin-walled 
calorimeter as II function of temperature and pres- 
sure. Calorinietric niethods have been reviewed 
[29] and the cwloriiiietry of sonic conipressed fluids 
tlescribed [28, 30, 33, 34, 35,  361. The purpose of this 
section is to provide i~ brief description of sonic' 
iniprovect instrumentation and of the integration of 
calorinietric with PVT apparatus. Calorimetric 
calibrwtions will accon1pan;r- tlie publication of results. 

13.2. Cryostat and Calorimeter 
The calorinieter resides in an additional cryostat 

of basic construction identical with that for the PVT 
pipet, with the high-pressure hydrogen capillarg, 
v;tcuuin, and liquid-transfer plurnbing in parallel 
through suitable valves. Alternation of esperiiiients 
requires no dismantling. Figure 6 is the calorini- 
etcr region of the crJ-ostat, and figure 7 is the 
cdorinieter section. All parts are copper except for 

GUARD RING 

SHEILD 

C A L O R l M E T l R  

CASE 

T H f R M O Y E T E A  

FIGI-RE 6 .  Calorimeter region of calorimeter cryostat. 
(Shield is rniaspdled in tho above fioura) 
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T H E R M O C O U P L E  
W E L L  

- C A P I L L A R Y  

H E A T E R  

C A S E  A N D  
W I R E  SPOOL 

FIGURE 7 .  Calorimeter section. 

sphere, c.;ipillnry tube, itritl the giiwrd-ring support 
tube. Tlic 2-in. diaiii, t!*pc 316 stiiiiilrss steel. 
split.ricn1 caloritiictcr liiis :I notiiinnl wall thickness of 
0.06 in. It is f:ibricatetl frorii spun lieiiiisplieres. 
welded togcthcr, with ttdtlition of a 1-in.-long ncc-k of 
)&in. tubing. The sphc.ric;il sliape is improved bj- 
cspansion with watc.r pressure. Yielding to a pcr- 
tiinlietit volume increase of 10 percent wits obsc.rved 
with a pycnoiiicter surrounding the calorinieter. I t  
oc.ourred at pressures froin 5,000 to 6,400 psi, 
corresponding to metal stress roughly 8.3 times these 
values. Elastic behitvior following this defortiiutiori 
was Av/b 'AP= 1.59. titni-', corresponding 
rouglil?; to :I eircunifcrentinl modulus (3d/4t) 
V A E > / A V = ~ : ~  loG psi, where d is diameter and t is 
wall-thickness. After elcctroplating copper inside 
iind outsidc to about 0.2 mni thickness, avoiding 
sillfatc electrolytes, the norriial volunie is 72.35 
cm3, clcteniiincd by g:ts expansion from the cd-  
oriiiieter in the cryostat. The lOO-ohrn, constantan 
wire hciiter is v:irnislicd directly onto the splierc, 
and shir4drd by  the lightweight calorimeter cnsc, 
which serves d s o  its thc wire spool for theriii:tll v 
aticlioring thermocouple and tlicrtiionic~ter lead- 
mires. The >i6-in. 0.d. stainless steel capillary has 
a bore diriiiieter of 0.0345 cni. This relatively 
large bore is essential for riipid filling and emptying 
of the calorinieter. Volutiie of this capillary, 
including a valve nt thc lieatl of tlic cryostat, is 
0.080 ~111~. 

Adiabatic shielding is in two parts : tlie guard 
ring, and attached, lightweight shield can. Thc 
ring tempers ti11 electric wires, pressed into intli- 
vidual, longitudinally nincliineti grooves. These 
wires lead froiii similar grooves in the cold ring and 
h i d  to the cwloritiietrr CIISP. Scpiirate heaters tire 
wound on the guard ring, the cylindrical surface of 
the shield ;tnd its a plane spiral on t h e  bottonl of tlie 
shield can. The two shield heaters operate in  R 
divider circuit from n singlc regulator. These 
heaters arc autotri;itic:illy coritrolled from tliernio- 
pile 1 :tnd therriiocouplr 2 rcspcctively of figure 6. 
Thcriiioc.ouplc 3 serves for riitiriual ;idjusttilerit of the 
side-to-bottoni hetit divider. Therrnocouplc 4 
servcs for ;iutoiiiatic ttmpcraturc control of shields 
ant1 cdoriiiiet cr, during gas-expiinsion calibrations 
of the cdorimcter volunic, with reference to the rc- 
frigcrtint tnnk tcinpcrat ure. 

To fitci1it:itc. control of the c:iloritiietcr tetilpct~- 
ture during soinc~ culihrations, ti sitiiill heat le:& is 
introduced to tlie pr(ls(liit ttppttI.:ttlls. TIie~.tiiiJ 
contact betwceti cl(.c.tric* wires i i t id tcnipering ring 
is retluccd t o  o1)t:iin tlic cnloritiieter cooling drift de- 
scribed in section 13.4 T1ic doririictric tiietliod 
t 1ic.rc.forc. iii:iy bo tlcsc.ril)ed :is yii;isi-isotlicriit~~l. 

- 

13.3. Control and Measurement of Heat 

Tlic control circuits for caloriinetric he:iting are 
iiidicatcd by figure 8 .  Althou h they :ire con- 
ventional in principle, a usefu? sinip1ific:ition is 
application of an electronic battery: a 0.5 anip, 
tmnsistorizctl, d-c power supply, continuously s t l -  
justitble to 0.02 v from 0 to 32 v, w-ith regultition 
:ind stiibility better than 0.002 v. The rms ripple is 
0.001 v. The b:ittery source 111iped:i11ce, R, of the 
figure, is readily tidjustcd equal to thc cwloniiieter 
heater resisttilice when the btittcry potential in- 
dicatcd by  1'-1 is twice the heater potentid intlicatcd 
by 2'-2 [31]. To  provide time for potcntionietric 
riietisurenierits of the heater power, arid for shield 
temperature adjustnients, a tenipertiture rise of 
about 2' in w fixed interval of 10 niiri a t  :ill tenipcr- 
rttures is reitlized by :idjusting t h  biittery potential. 
This adjustnieiit does not itffect R,, in contrast to 
behavior with coriventioriitl batteries iind rheostats. 
Relay coils are 0pcr:ite:c-l with direct current to 
reduce induction of spurious ii-c effects in the low- 
level circuits. 

Potentials are iiieasured with the 6-dial niicrovolt 
potentionictcr and with i i  type K-:3 universal poten- 
t io1 iie t er, each in dica tin g through R 11 ele c tron ic 
gnlvarionietcr [56], as in figure 5. Potentitils to be 
measured are connected to ench poteritiomcter by 
high-qudi ty, coiiinierciitl, microvolt selector switches. 
Four riieasurenients of heater potential ant1 current 
are made in 10 niin. Heater power is coristiirit to 
better than 1 part in 10,000. The stnnt1:ird electric, 
clutch-type, syiclironous stopclock utilizes local, 
60 c/s, powerline frequency for the titiie standard. 
The NBS Tinic Standards Section finds th;it this 
frequencj- usuallj- is acc.urate ant1 constant to well 
within 0.03 percent. 
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FIGURE 8. Calorimetric heat control methods. 

13.4. Measurement of Temperatures 

The calorimeter platinuni resistance therriionieter 
is calibrated and the thernioinetric technique chccked 
as described for PVT determinations. Imperfec- 
tions of adiabatic shielding j-ield empty caloriinet*er 
drift rates froin -0.0009°/min lit, 20 "K to -0.0019"/ 
min a t  100 OK. 

Five temperature observations in 5 niin precede 
a heating interval. Xonlinear equilibration fol- 
lowing the interval requires a few minutes, and is 
observed with a recorder. Five similar temperature 
measurements follow. Temperature-time behaviors 
are extrapolated to iiiean time of the heating in- 
terval, by a least-squares computer program, at  
which time is taken the calorimetric t mpera  ture 
increnien t, 

These are linear in time. 

13.5. Control of Shield Temperatures 

The different niethods, isotherinn1 and adiabatic 
shielding, are useful for different purposes [37]. The 
adiabatic iiiethod is selected here for rapid adjust,- 
merits in the range 20 to 100 "I< where thermal 
transport is aliiiost en tirely conductive. Gold- 
cobalt versus copper thennocouples indicate temper- 
ature differences between the calorimeter and the 
guard ring iind shield respectively. An individual 
regulating system is eniployed for each of the latter. 
An improvement of present instrumentation, in- 

' dicated b>- the bottom row of figure 5, is its simplicitr 
+ relative to current practices [27]. Control instru- 

ments are the microvolt aiiiplifier [56] and the power 
regulator [50]. Two factors contribute to satis- 
factory operation. (1) Therniocouples are so placed 
on shields as to give rapid but average response. 
The heater windings and powers are desi ned to 

trolled. ( 2 )  The power regulator contains a solenoid 
relay, operated by t8he heatin interval signwl, 

heating to a manually pre-set level. This eliminates 
the delay otherwise required for development of the 
temperature difference normally utilized for auto- 
matic control. The booster clrcuit does not affect 
the low output impedance of this regulator, thereby 

niiitch the areas and inasses of metal to a e con- 

figure 8, which autoniaticall_v B oosts the shield 

avoiding t,he loss of power-gain and temperature- 
regulation otherwise suffered when resistances or 
other impedances are inserted in the heater circuit 
for boosting control. Because automatic resetting 
instruments are not necessary for the present work, 
the normal steady-state heating also is manually 
adjusted a t  the power regulator. For calibration 
work, the shield versus calorimeter teniperature dif- 
ferences may be recorded from the iiiicrovolt ampli- 
fier output signals b>- iiieans of simplified strip- 
chart instruments. A typical chart shows that, 
with routine error in adjustment of the boost heat 
level, the guard ring-versus-calorimeter temperature 
difference peaks a t  0.001 "C a t  the start of an interval 
and decays to within O.OO0lo  in 20 sec. The same 
beliavior with opposite sign follows the ending of 
uti intervttl. Relative change in the steady heat-leak 
over the copper wire bundle between guard ring and 
calorimeter is negligible during a heating interval. 

The numerous machined parts for t h e  cryostats 
were made in the S B S ,  Boulder shop under S. 
Landis. The skillful assembly and silver-soldering 
of these parts as well as the construction of the liquid 
transfer and hard vacuum systems by Cryogenic 
Division instrumentalist W. R. Bjorklund greatlj- 
advanced the project. D. E. Diller placed all of the 
small electric wiring in the cryostats, intercalibrated 
the gasometer glass volumes, performed the gas- 
expansion calibrations of tlie pipet, checked fixed- 
points of the platinum thermometer, and measured 
null-point shift of tlie diaphragm cell in addition to 
other important contributions. L. .4. Weber as- 
sisted with the many details of placing the PVT 
apparatus in final operating c-ondition. B. A. 
Pounglove determined mechanical properties of the 
calorimeter and with D. E. Diller placed the calo- 
rimetry in successful operation. Hans 11. Roder, in 
programing the computer work, devised subsidiary 
equations presented in sections 5.3 arid 10. Con- 
tinuing encouragement from Robert J. Corruccini 
and Russell B. Scott have been essential in bringing 
this long task to completion. 

, 
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